In the upcoming years, as the population is growing and ageing, as lifestyle changes create the need for more water and as fewer people live in each household, the UK water sector will have to deal with challenges in the provision of adequate water services. Unless critical action is taken, every area in the UK may face a supplydemand gap by the 2080s. Extreme weather events and variations that alter drought and flood frequency add to these pressures and there is therefore a need to develop evidence-based drought scenarios models for water management purposes. However, little evidence is available about householders' response to drought and there are few if any studies that have synthesised this evidence. In response, this paper discusses the current empirical literature on the factors driving domestic water consumption under both 'normal' and drought conditions. The paper identifies the limited availability of evidence on the many different and evolving factors affecting domestic consumption under both 'normal' and drought conditions and stresses the need for the inclusion of inter and intra household factors as well as water use practices in future demand forecasting models. The paper then presents 'Water Cultures' as an integrative modelling framework to combine the limited evidence that is available on the interactions of social norms, practices and material cultures. This enables the paper both to capture both the uncertainty and heterogeneity of individual and/or household level variation and also outline the research gaps that need to be addressed.
Introduction
Climate change is expected to affect regions around the world, possibly causing floods and droughts of increased frequency and magnitude as well as changes in water use behaviours (Olmstead 2013) . There is a general consensus that the United Kingdom (UK) will probably experience warmer conditions and lower summer rainfall (Jenkins et al. 2010; Parker 2014) . In South East England, a region already suffering water stress due to population growth and changing water use habits, summer precipitation is projected to decrease from an average of less than 25 wet days (Met Office 2017) by 9% by the 2080s (Jenkins et al. 2010) . Importantly, residential customers typically use the most water of any sector (De Oreo et al. 2016 ) thus control of domestic demand is a priority in the UK.
Partly in response to this acute situation, the Department for Environment, Food & Rural Affairs (DEFRA 2008) have set targets for reducing daily domestic demand from 150 to 130 l per person before 2030. To achieve these targets, an understanding of the factors affecting water consumption at the household and societal levels is required Parker and Wilby 2013) . This understanding can then be embedded in future demand projection models that can be used to assess the costs and benefits of potential intervention scenarios under a range of climatic and hydrological conditions (Prudhomme et al. 2015) . These analyses can then inform interventions encompassing technologically driven water efficiency, demand-reduction (e.g. via metering and leakage control) and/or re-configured social practices and new water-using norms.
Whilst there has been considerable research into the factors determining everyday ('normal conditions') domestic water demand (see e.g. Gato 2006; Jorgensen et al. 2009; Arbues et al. 2010; Parker and Wilby 2013; Critchley et al. 2015) there have been limited attempts to embed these understandings and their associated uncertainty into models of future demand for longer term resource planning purposes in the UK (Herrington 1998; Williamson et al. 2002; Downing et al. 2003; Goodchild 2003) . The 2003 Water Act requires UK water companies to include demand forecasting in their Water Resources Management Plans (WRMPs) and prepare drought plans. Some of these forecasts predict consumption decreases but the range of forecasts is almost 50%, demonstrating both the uncertainty and the high geographic variance of water demand in the UK (Atkins 2015) as well as the difficulty and cost of gathering the range of data needed (Memon and Butler 2006) . This is further complicated by the influences of local policy, cultural norms, changes in population and variations in the adoption of water efficient technologies such that the effective modelling of intervention scenarios is very difficult to achieve (Arbues et al. 2010) . Furthermore, little is known about householders' response to drought and there are few if any studies which incorporate the evidence that exists into models of demand forecasting in support of operational decisions about the most likely cost-effective drought management measures.
In response, this paper lays the groundwork for modelling domestic demand response under drought conditions in temperate climates (such as the UK) by reviewing the concepts and evidence on which a comprehensive model might be based. The work focuses on the available empirical data and current literature on estimating and forecasting water consumption under both 'normal' and drought conditions. We then develop a synthesised framework which, borrowing from Stephenson et al. (2010) we term 'Water Cultures'. This framework enables the integration of the range of concepts and evidence reviewed which, when applied to the review of modelling methods, then identifies gaps in the evidence base and suggests key directions for future work.
Factors Affecting 'Everyday' Domestic Water Demand
The price of water has been one of the most commonly analysed factors affecting water consumption (Chicoine et al. 1986; Mylopoulos et al. 2004; Gaudin 2006; Grafton et al. 2011; Mieno and Braden 2011; Ahmad et al. 2016) . Overall, below a certain volume of water consumption, demand is often found to be unresponsive to price change making price manipulation an ineffective tool for demand control even were it to be socially acceptable (Espey et al. 1997; Martinez-Espiñeira 2002; Worthington and Hoffman 2008; Arbues et al. 2010) .
Similarly, much research has explored the effects of household income on demand (e.g. (Hajispyrou et al. 2002; Harlan et al. 2009; Schleich and Hillenbrand 2009; Willis 2010; Mieno and Braden 2011) ) and in general consumption is found to increase with affluence. In the UK it has been shown that off-peak water demand is strongly related to ACORN 1 geodemographic classification (Kowalski and Marshallsay 2005) and thus, it is claimed, income (Edwards and Martin 1995; Lawson 2015) . On the other hand, Pullinger et al. (2013) find that water-use practices bear little relationship to ACORN class and such data is well-known to both suppress inter-household variation in consumption producing misleading conceptions of 'average' water consumers (Sofoulis 2011 ) and also to suffer from ecological fallacy effects where geo-demographic level averages are assumed to be adequate representations of individual households.
Household size is a key driver of water demand and due to economies of scale, average per capita consumption decreases as household size increases (Lyman 1992; Schleich and Hillenbrand 2009; Jorgensen et al. 2009; Bernardo et al. 2015; Manouseli et al. 2017 ). This can be attributed to shared water-uses (e.g. cooking and garden watering) and there may be a household size threshold beyond which these economies of scale diminish, thus causing water consumption to be less than proportional to household size (Arbués et al. 2004) . It is also generally accepted that the elderly tend to consume less water in their homes than younger people (Domene and Saurí 2006; Musolesi and Nosvelli 2007; Kenney et al. 2008; Waterwise 2009; Pullinger et al. 2013; Makki et al. 2014 ) possibly due to young people's more water intensive habits.
Apart from household or occupant 'attributes', local temperature and drought conditions have been shown to have a positive relationship with consumption, but there is an inverse relationship between consumption and precipitation (Maidment and Miaou 1986; Lyman 1992; Martinez-Espiñeira 2002; Shirley Gato et al. 2007; House-Peters and Chang 2011; Parker and Wilby 2013) whilst evapotranspiration can also be a major positive factor (Agthe et al. 1986; Zhou et al. 2000; Goodchild 2003) . Consequently, several studies have suggested that garden size and landscaping type significantly affect consumption (Guhathakurta and Gober 2007; Harlan et al. 2009; House-Peters et al. 2010) . However, in the UK and in similar built environments this will be limited to the small proportion of households that not only have a garden but also use supplied water to irrigate it (Pullinger et al. 2013 ).
Detailed 'micro-component' consumption data have been used to examine end-use patterns (Beal and Stewart 2011; Carragher et al. 2012; Makki et al. 2014; Parker and Wilby 2013; Stewart et al. 2013; UKWIR 2013) . These show that households with very similar characteristics can have very different patterns of micro-component water use (Medd and Shove 2007) . Indeed, inter-household variation has received limited attention and there is a relatively poor understanding of how and why demand varies from property to property (CIWEM 2016) and over time although the concept of social practices has recently gained considerable leverage in this respect (Shove 2003; Allon and Sofoulis 2006; Shove et al. 2012; Browne et al. 2013) .
Overall, it can be seen that a wide range of factors influence residential water consumption and this makes the estimation of household water demand extremely complex (Medd 2007; Browne et al. 2013; Parker and Wilby 2013) . However, it is equally clear that there is strong evidence for the inclusion of a range of socio-economic factors as well as dwelling characteristics and local climatic conditions in any residential demand model.
Intervention Effects
In addition to the studies of 'everyday' water demand, there has also been analysis of the role that various interventions might play in reducing 'normal' consumption.
Metering
Metering schemes can decrease consumption by between 7 and 35% (Herrington 1998; Dalhuisen et al. 2003; Domene and Saurí 2006; Worthington and Hoffman 2008; Energy Saving Trust 2013) . Mainly, this is thought to be due to publicity and leakage reduction that often accompanies metering schemes (Campbell et al. 2004; Robinson et al. 2014) , although as customers get used to being metered, their behaviour may change and even revert (Inman and Jeffrey 2006) . A micro-component based UK study demonstrated that the median household total was 311 l/day in unmetered homes compared to 192 l/day in metered ones (Parker 2014) and that unmetered users are more likely to be influenced by climate related factors. Similar studies in the USA have shown that metered and unmetered homes' average consumption was 200 l/c/d and 223 l/c/d respectively (Linkola et al. 2013) and that metering caused a larger reduction in outdoor rather than indoor water use.
More recently, analysis of a regional UK universal metering program has suggested an average 16.5% drop in water consumption as well as a notable drop in energy consumption potentially due to the decreased use of hot water (Ornaghi and Tonin 2015) . A second scheme, which uniquely combined switching from non-metered to metered, efficiency retrofitting and education also claimed to achieve water savings (Waterwise 2010) . Further, analysis of the UK drought and hosepipe bans of 2012 suggested that behaviour change was more prominent among metered households (75% took action) than unmetered ones (59%) (UKWIR 2013).
Water Efficient Technologies
Water companies also promote the installation of water saving devices in households through water efficiency programmes which depend strongly on voluntary participation.
Water saving devices include dual flush conversion devices, water butts, cistern displacement devices, water efficient showerheads and tap inserts, which are either fitted by a plumber or by the residents themselves. Retrofitting is often accompanied by a public awareness campaign to promote behaviour change. Evaluation of water efficiency initiatives is common but is time consuming, costly and often impossible to account for all factors that have a direct influence on consumption such as the weather and specific household habits. In parallel, it is challenging to distinguish the effects of individual efficiency measures that are usually applied simultaneously. Thus, only a few studies have presented results for such individual effects and we summarise these in Table 1 .
The table shows that the savings reported differ both within and between countries with efficient showerheads saving from 23 to 118 l/hh/d, while conversion to dual flush toilet can produce savings of 11-131 l/hh/d due to different settings and programme intensities but also to the different savings evaluation methods used (Manouseli et al. 2017) .
Multi-intervention studies have shown that water saving devices can reduce overall consumption by 10% (Kenney et al. 2008 ), but others have proved less successful, with regulation forcing the installation of efficient products producing a 3.5% reduction (Campbell et al. 2004 ). In the case of free water saving kits for customers, the latter study showed that consumption appeared to increase, indicating a possible rebound effect.
Two large scale American studies showed that the biggest potential for indoor water conservation resulted from the retrofit of toilets and washing machines (Mayer et al. 2004) . Other studies have shown that shower display monitors proved initially successful in reducing a shower's duration by almost 30% but shower use increased back to preinstallation levels after four months ).
In the UK, an initial 2006-2008 trial installing several water efficient devices produced an 8% reduction but a follow-up 2007-2008 trial distributing water saving kits only produced a 1.2% reduction (Waterwise 2010 ). However, a control group was not used in the savings' evaluation. A similar study showed that Essex & Suffolk Water's water saving kits (shower aerators, save-a-flush devices and others) produced a saving of 3.6 l/household/day or about 1.4% of median UK household demand (Ashton et al. 2015) .
More recent work has suggested that consumption reduction varies by household attributes such as household size and socio-economic status. Thus there is evidence that financially stretched households and those with single occupants show larger percentage reductions in response to water efficiency initiatives (Turner et al. 2005; Lawson 2015; Manouseli et al. 2017 ). In the case of the latter, the one-to-one engagement with the installer may have encouraged behavioural change, which lost impact as the messages were diluted in larger households.
Lifestyle compromise is considered to be one of the biggest barriers to adopting water efficient technologies at home although it has been estimated that switching to a dual flush toilet could save more than 7000 l/capita/year and lead to £80 annual savings on water bills for an average household (Energy Saving Trust 2015) . Similarly, analysis of end use consumption data in Queensland, Australia showed a 25% consumption reduction for homes with higher water stock efficiency, underlining the value of continued implementation of retrofit programs (Carragher et al. 2012) .
There is therefore evidence that considerable water savings can be achieved by retrofitting water-efficient devices to the existing housing stock. However, it is also Only studies evaluating single measures were included evident that results from water efficiency programs vary greatly, even in the cases where the programs took place in very similar settings. This variation in household response adds further complexity to household demand forecasting as it is likely to produce a wide range of outcomes under ostensibly similar conditions.
Information Campaigns
Attitudes towards water use and general environmental issues are often suggested to influence water demand (Dolnicar and Hurlimann 2010) and so soft interventions such as education and public awareness campaigns aim to alter behaviours and water use habits by spreading the message of water conservation (Hurd 2006) . Unfortunately the role of attitudes has been less frequently examined than sociodemographic factors or price (Ferrara 2008) . A small scale Australian study suggested that respondents with 'very positive water conservation attitudes' consumed much less water compared to other groups (Willis et al. 2011 ) and others have shown that beliefs about how neighbours would act on water conservation had a positive effect on water saving intentions (Lam 2006) while better-educated consumers may be more likely to adopt water saving habits. This may have been because they tended to be wealthier and so could afford to buy more water saving devices for their homes (Kemmelmeier et al. 2002; Millock and Nauges 2010; Martinez-Espiñeira 2002) . However, experimental or observational studies have shown that even when attitudes towards conservation were very positive, this did not translate to actual behaviour (Barr 2006; Jensen 2008; Dolnicar and Hurlimann 2010; Hoolohan and Browne 2016) . Furthermore interviews with unmetered householders, water management teams and regulators in the UK found no evidence of a strong relationship between 'household's attitudes towards water conservation' and 'their actual consumption levels' (Medd 2007) .
As might be expected therefore, measures such as awareness campaigns usually lead to small changes in water consumers' behaviours, even though people appear more informed (Bello-Dambatta et al. 2014) . As a result, it is usual to run them in parallel to efficiency programs so that their effectiveness can be maximised . Importantly, the effect of such programs has proved to be significant mainly in times of water scarcity and crisis but it usually diminishes within a year (Wang et al. 1999 ; Alliance for Water Efficiency 2010).
In Zaragoza, Spain, long term awareness and sustained water efficiencies were achieved after a year of local community engagement and participation (Inman and Jeffrey 2006) . This success can be attributed to the interaction between the suppliers of efficiency products and the local community and the increase in the public's awareness of the need to save water. In contrast, a similar campaign in the UK using mail and advertising did not affect water demand (Burton et al. 2007) although there is some evidence that past experience of droughts and use restrictions contribute to positive attitudes toward conservation (Bournemouth Water 2014). Furthermore awareness campaigns did not add substantial savings to water metering in the USA, with the exception of household members who were willing to compromise their enjoyment, by taking shorter showers (Linkola et al. 2013) .
Evidently, there is a gap between attitudes and behaviour and this is problematic for effective information-based interventions since most water conservation campaigns typically aim to change attitudes via media messages. As the evidence shows, such campaigns may have little effect on their own and be potentially short-lived although may be of most use during specific drought or shortage periods.
The Effectiveness of Drought Specific Measures
During droughts, UK water companies often increase water efficiency programme efforts (Mukheibir et al. 2013 ) but can additionally impose emergency pricing and rationing programs and temporary restrictions on non-essential water-use. Such restrictions are generally only applicable to external water uses such as garden watering, car washing and filling of swimming pools and are associated with penalties for non-compliance.
Little is known about the effect of restrictions explicitly, largely because they are usually combined with other price or non-price efforts (Kenney et al. 2008) . However qualitative evidence suggests that while mandatory bans on 'non-essential' external water use may have some effects, they also legitimise all other water use as 'normal' and 'essential' thus hampering efforts to reduce overall consumption levels (Chappells et al. 2011) . There is evidence that mandatory irrigation restrictions can reduce demand by between 13, and 55% (Renwick and Archibald 1998; Renwick and Green 2000) but voluntary restrictions have proved to be of limited value (Kenney et al. 2008 ). More moderate restrictions have been shown to produce approximately a 12% reduction in consumption with differential response by low and high water users (Kenney et al. 2008) . One study showed that the top 20% of Seattle water users decreased their consumption by over 30% and by 15% under mandatory and voluntary restrictions respectively (Polebitski and Palmer 2010) . In Greece, outdoor use restrictions during peak evapotranspiration hours reduced consumption by 25-35% (Kanakoudis 2002) whilst in Queensland, Australia watering restrictions combined with efficient devices rebates and awareness campaigns resulted in a 50% reduction of domestic demand between 2008 and 2009 (Beal et al. 2010) . There is also evidence that the sensitivity of a household's outdoor consumption to droughts is associated with property characteristics rather than socioeconomic attributes. Thus newer houses were seen to be the most sensitive to drought and produced the largest response (House-Peters et al. 2010) .
During the 2006 UK droughts, indoor water use routines remained unchanged but many minor changes in outdoor use habits were recorded (Medd 2007) . These changes were not caused by temporary restrictions alone, but were also motivated by social interactions and convenience. During the drought of 2012, hosepipe bans were imposed by seven UK water providers and survey data collected after the 2012 restrictions suggests that outdoor use was reduced by 22% during 2012 (UKWIR 2013). However, the restriction period coincided with heavy rainfall and decreased temperatures, which acted as potential confounders in the analysis and more detailed micro-component derived evidence suggests the demand reduction during 2011-2012 was not caused by the restrictions but by the unusually wet weather (Parker 2014) .
Overall the evidence suggests that consumers may be more likely to reduce their consumption via efficient technologies and behaviour change rather than temporary external use bans although the latter may have a role to play in highlighting levels of unsustainable consumption (Dessai and Sims 2010; Parker 2014) . However, as the previous section also showed, the degree of response to restrictions may be affected by previous experience of drought and may also be relatively short-lived (Wang et al. 1999) . A particular challenge in modelling response to drought is therefore the development of indicators capable of distinguishing different program intensities and determining the longevity of demand reductions after restrictions are lifted (Mukheibir et al. 2013 ).
'Water Cultures' as an Integrated Framework for Scenario Modelling
Historically, system dynamics approaches have generally been used to model the effects of housing, population growth, pricing or climate change on water demand (House-Peters and Chang 2011; Qi and Chang 2011) . However the problematic suppression of intrahousehold variation inherent in such approaches (Sofoulis 2011) has led some to recommend a transition to micro-level modelling that applies processes to a sample of individual households (Williamson et al. 2002; Rinaudo 2015) . In parallel, longitudinal panel methods using repeated observations and incorporating temporal and subject specific variability into coefficient estimates (Worthington and Hoffman 2008; Kenney et al. 2008; Harlan et al. 2009; Polebitski and Palmer 2010; Mieno and Braden 2011) have emerged as the preferred approach due to their ability to directly model micro-level causal processes (House-Peters and Chang 2011). The challenge for modelling consumption under drought conditions is therefore to develop micro-level models that provide a representation of both inter and intra household effects and also capture the underlying causal relationships that determine the evolution of water demand under changing sociotechnical conditions (Galán et al. 2009; Rinaudo 2015) .
However, despite its substantial advantages micro-level modelling of water using habits (behaviours) in support of demand-side management has yet to be incorporated in drought response policies (Parker and Wilby 2013) . The literature review presented above suggests doing so requires an integrative framework that can position demand as arising from the interaction of water use practices with systems of water provision (Medd 2007; Browne et al. 2014; Rinaudo 2015) . Furthermore, while water use takes place in the home, it connects to different spatial and temporal scales, actors and activities and domestic consumption practices (Hoolohan and Browne 2016) . We therefore need to link analysis of water using practices to the range of factors driving 'normal consumption' as well as to potential responses to drought conditions or interventions.
Drawing on the 'Energy Cultures' model (Stephenson et al. 2010 ) and building on Allon and Sofoulis (2006) , Fig. 1 illustrates a 'Water Cultures' framework which can combine aspects of social norms (such as aspects of comfort, cleanliness, garden 'greenness'), practices (when and how to use water) and material cultures (water saving devices, metering, income, access to alternative sources-such as showering at work/gym). This approach forces the analyst to recognise that these factors interact in a range of ways to produce different 'everyday water demand' patterns and thus different responses to price manipulation, media messaging, changes in technologies, evolving social norms and practices or drought management interventions. It is crucial to understand that these factors are not static but continually evolving (Shove et al. 2012) , that the interaction between them produces the dynamics of 'water demand' and that the units to whom this model applies (people) also interact adding additional inter-household dynamics.
This framework leads towards an integrated micro-level modelling approach which can capture both the uncertainty and heterogeneity of individual and/or household level variation and also highlights the need to explicitly model interactions between these entities to adequately represent the spread of new or evolving norms and social practices in response to a range of change inducing processes (Shove et al. 2012) .
As we have shown in this paper, some of the evidence required to quantify the materiality-focused elements of the framework already exists. However, there are also major gaps in our knowledge regarding the nature and evolution of water demanding practices and we know very little about how cognitive and cultural norms play a quantitative role in affecting demand. In addition, as the paper has demonstrated, very little indeed is known about many of these elements in a drought response context.
Conclusion and Future Directions
This paper has synthesised the available literature on the factors associated with everyday domestic water consumption in temperate climates and under drought conditions as a basis for the future development of models that can allow the exploration of a range of drought response intervention scenarios.
Householders' response to drought has not been thoroughly studied and so this has not generally been considered in operational decisions about the most likely cost-effective drought management measures. Additionally, while much research has been devoted to the relationship between conservation attitudes and water use, a significant gap between attitudes and actual practices has been identified as has the need for more robust evidence on the differential response of household types to domestic water efficiency and drought response measures. In addition, whilst a number of well-designed trials have been conducted, generally small control sample sizes and the inability to take external factors into account add uncertainty to the results of many existing studies (Waterwise 2010) .
Drawing on our evidence review, the 'Water Cultures' framework provides a means to conceptually and practically integrate these differing forms of evidence and approaches and to identify key research gaps. The framework can then provide the foundation for an Fig. 1 Water cultures framework integrated model not only of everyday water demand but specifically under drought conditions. Further, by overlaying this framework on the modelling requirement to preserve inter-household heterogeneity and model unit level processes suggests that implementing this framework at the micro-level will be key.
Future work should therefore look to develop two key activities. The first is to implement properly scoped large scale randomised control trials of water efficiency and drought response interventions on population representative samples to provide a robust evidence base. The second is to develop 'Water Cultures' based domestic end use water consumption models which can be used to explore the relative value of a range of drought interventions in similar temperate climates such as the UK.
